The effect of nitrogen source on methane-oxidizing bacteria with respect to cellular growth and trichloroethylene (TCE) degradation ability were examined. One mixed chemostat culture and two pure type II methaneoxidizing strains, Methylosinus trichosporium OB3b and strain CAC-2, which was isolated from the chemostat culture, were used in this study. All cultures were able to grow with each of three different nitrogen sources: ammonia, nitrate, and molecular nitrogen. Both M. trichosporium OB3b and strain CAC-2 showed slightly lower net cellular growth rates and cell yields but exhibited higher methane uptake rates, levels of poly-␤-hydroxybutyrate (PHB) production, and naphthalene oxidation rates when grown under nitrogen-fixing conditions. The TCE-degrading ability of each culture was measured in terms of initial TCE oxidation rates and TCE transformation capacities (mass of TCE degraded/biomass inactivated), measured both with and without external energy sources. Higher initial TCE oxidation rates and TCE transformation capacities were observed in nitrogen-fixing mixed, M. trichosporium OB3b, and CAC-2 cultures than in nitrate-or ammonia-supplied cells. TCE transformation capacities were found to correlate with cellular PHB content in all three cultures. The results of this study suggest that the nitrogen-fixing capabilities of methane-oxidizing bacteria can be used to select for high-activity TCE degraders for the enhancement of bioremediation in fixed-nitrogen-limited environments.
Optimal bioremediation conditions within contaminated aquifers are often found to be limited by the availability of nutrients, including nitrogen. Consequently, microorganisms that are capable of degrading contaminants as well as fixing molecular nitrogen as their sole nitrogen source could have a growth advantage in fixed-nitrogen-deficient environments that would be favorable for promoting in situ bioremediation.
Trichloroethylene (TCE) is a major groundwater contaminant of concern in the United States due to its suspected carcinogenity and persistence in subsurface environments (31) . However, a number of laboratory (1, 4, 13, 16, 18, 19, 22, 23, (26) (27) (28) 34) and field studies (3, 15, 24, 25) have shown that TCE can be cometabolically transformed into nontoxic end products (CO 2 and Cl Ϫ ) by methane-oxidizing bacteria at the expense of reducing energy in the form of NADH. Many studies have also reported that some methane-oxidizing cultures (type II) are able to utilize different sources of nitrogen (N) for cellular growth (32, 33) , including molecular nitrogen at reduced oxygen partial pressures (11, 12, 20, 33) . The types of methanotrophs that are capable of nitrogen fixation also produce a type of oxygenase (i.e., soluble methane monooxygenase [sMMO] ) which exhibits high activity with respect to the oxidation of TCE.
Poly-␤-hydroxybutyrate (PHB) is an internal reducing-energy storage polymer that can be used as an alternative reducing-energy source by a number of methane-oxidizing cultures under starvation conditions (9) . Recently, a number of studies observed a correlation between TCE transformation capacities (T c ; mass of TCE transformed per mass of cells inactivated) and microbial PHB content (7, 16, 17) , suggesting that PHB might be used as an alternative NADH source for TCE oxidation by methane-oxidizing bacteria in the absence of growth substrate. It has also been shown that the synthesis of PHB is stimulated in cells grown under nutrient-limited conditions, including nitrogen-fixing conditions (2, 9, 10, 21) . As a result of the characteristics of methane-oxidizing microorganisms described above, it may be possible to select for nitrogen-fixing methane oxidizers in fixed-nitrogen-limited subsurface environments such that the burden of nutrient addition to the subsurface for the sustained growth of these contaminant degraders is diminished while contaminant degradation is enhanced during in situ bioremediation.
A recent study conducted by us (7) explored the feasibility of using the nitrogen-fixing capabilities of methane oxidizers for the enhancement of bioremediation. Our results suggested that nitrogen-fixing mixed cultures were able to degrade TCE as effectively as nitrate-supplied cultures. Further, higher T c and higher cellular PHB contents were observed in nitrogenfixing cultures. Of particular interest were observations of lower TCE product toxicity, measured in terms of methane uptake rates following TCE exposure, for nitrogen-fixing cultures than for nitrate-or ammonia-supplied cultures. Since that study was conducted with mixed cultures, it was difficult to elucidate the reasons for the enhanced degradation performance of the nitrogen-fixing methane oxidizers. An understanding of the effects of nitrogen source on cell growth and TCE degradation ability will be particularly beneficial for designing, operating, and implementing in situ-or ex situ-engineered bioremediation systems. This study evaluates nitrogen source effects on methane-oxidizing bacteria, using two pure strains and one mixed chemostat culture. Nitrogen source effects are examined with regard to cellular growth, specific methane uptake rates, specific naphthalene oxidation rates, and TCE degradation ability.
MATERIALS AND METHODS
Chemicals. Stock solutions of TCE-saturated water were prepared in 26-ml vials by adding 5 ml of pure TCE (99ϩ% pure American Chemical Society [ACS] reagent; Aldrich Chemical Co., Milwaukee, Wis.) and filling with distilled water.
The vials were capped with Mininert valves (Alltech Co., Deerfield, Ill.), shaken vigorously for 1 min, and then allowed to separate into two distinct liquid phases (water and TCE) for at least 24 h prior to use. The solubility of TCE in the aqueous solutions averaged 1,390 mg/liter. Stock solutions of naphthalene (243 M at 25°C) were prepared similarly to TCE stock solutions. Excess naphthalene crystals (99ϩ% pure, scintillation grade; Aldrich Chemical Co.) were added into 100-ml bottles filled with distilled water. The bottles were sealed with Teflonlined screw caps. The stock solutions were stirred by magnetic stirring bars for 2 h and then allowed to settle quiescently overnight prior to use. Tetrazotized odianisidine was purchased from Fluka Chemical Corp. (Ronkonkoma, N.Y.), and acetylene (97% pure) and ethylene (99% pure, Scotty-certified gas) were purchased from Alltech Co.
Microorganisms and culture conditions. Methylosinus trichosporium OB3b (referred to below as OB3b) was purchased from the American Type Culture Collection (ATCC 35070), and strain CAC-2 was isolated from a mixed chemostat culture grown at 20°C in nitrate mineral salts (NMS) medium (7) .
Experiments to compare the growth of methane oxidizers on three different N sources were conducted in 500-ml side-armed Nephelo culture flasks (Bellco Glass Inc., Vineland, N.J.). The three modified mineral media used in this study have been described previously (7): NMS medium, ammonia mineral salts (AMS) medium, and nitrogen-free mineral salts (NFMS) medium. The media were identical except for 11.76 mM NaNO 3 added to NMS medium and 5.88 mM (NH 4 ) 2 SO 4 added to AMS medium. Growth flasks were amended with 50 ml of one modified mineral medium and 1 ml of culture inoculum, along with 10% CH 4 and 20% O 2 (initial concentrations). For those flasks receiving NFMS medium, the headspace was purged with filtered nitrogen gas before introduction of 10% CH 4 and 5% O 2 . All inoculated flasks were then incubated at 20°C with shaking at 150 rpm. Headspace oxygen was maintained above 10% for nitrateand ammonia-supplied cells and above 2% for nitrogen-fixing cells by repeated addition of oxygen during cell growth. Cell-free flasks were used as negative controls, and gas losses due to leakage were less than 5%.
Cell growth was monitored by measuring gaseous composition in the headspace along with optical densities of cell suspensions. Optical densities of cell suspensions were determined at A 600 with a spectrophotometer (Spectronic 20D ϩ ; Milton Roy Company) and were correlated with dry cell mass (in terms of volatile suspended solids [VSS]), which was measured from the difference in cell weights after drying at 105°C overnight and after combustion at 550°C for 2 h. Cell suspensions were harvested at an optical density of approximately 0.7 for all experimental uses, while a subsample was removed, acidified with concentrated sulfuric acid, and stored in a 4°C refrigerator for later cellular PHB measurements.
Methane uptake rate analysis. Methane uptake rates were measured when cells were in the exponential-growth phase. Fresh cell suspensions were withdrawn from flasks, diluted with appropriate medium to an A 600 of 0.2, and then purged with N 2 for 2 min to remove any remaining volatile organics in the liquid phase prior to use. The purged fresh cell suspensions (15 ml) were then transferred into 26-ml vials and amended with a small amount of pure methane (0.03 ml). The vials were vigorously shaken by hand for 30 s before the first headspace sample was taken and then were incubated on a rotary shaker at 200 rpm. The disappearance of methane in the vial was monitored over time by headspace gas analysis. The specific methane uptake rates of cells (in micromoles of CH 4 per milligram of VSS per minute) were determined by dividing the initial uptake slope from the linear regression of the first three to four data points (taken over 1 h) by the total dry cell mass (VSS).
Naphthalene oxidation assay. The activity of sMMO enzyme was evaluated by naphthalene assays modified from the method described by Brusseau et al. (5) . The assay is based on the assumption that only sMMO can oxidize naphthalene to 1-or 2-naphthol in methane-oxidizing bacteria. The production of 1-or 2-naphthol is measured by reaction with tetrazotized o-dianisidine to form a purple naphthol diazo complex. The intensity of the naphthol diazo complex is measured as A 530 . The assay was conducted by adding 1 ml of cell suspensions (with an A 600 of 0.2) along with 1 ml of naphthalene stock solution (234 M at 25°C) and 20 mM formate into a 3-ml vial sealed with 13-mm Teflon-lined rubber septa (Alltech Co.). Formate (added as sodium formate) was added as a readily available reducing substrate to maximize the naphthalene oxidation rates. The mixture was incubated at 35°C on a shaker at 150 rpm for 60 min before addition of 100 l of freshly made 0.2% (wt/vol) tetrazotized o-dianisidine. The A 530 of naphthol diazo dye was measured by a Perkin-Elmer Coleman 55 spectrophotometer within 2 min, since the absorbance starts to increase after 2 min. The concentrations of naphthol in aqueous solution are known to be proportional to the intensity of the naphthol diazo dye and were calculated by using the extinction coefficient of 38,000 M cm Ϫ1 (29) . All samples were measured in duplicate. Reaction mixtures containing only cells and formate (no naphthalene) were used as blank controls.
Nitrogenase assay. The nitrogen-fixing abilities of methane-oxidizing bacteria are indicated by the activity of nitrogenase, which converts acetylene into ethylene in the presence of formate (7, 8) . The assay was conducted by adding 2 ml of acetylene along with 20 mM formate into 26-ml vials containing 5 ml of actively growing cells using ammonia, nitrate, or N 2 as their sole N source. The treated vials were incubated at room temperature at 150 rpm for 2 days, and the headspace gaseous compositions were analyzed by an HP 5890A gas chromatograph (GC)-mass spectrometer equipped with a flame ionization detector (FID) to detect the decrease of acetylene and the production of ethylene in vials. No ethylene production was observed in acetylene-free controls. When significant levels of ethylene were detected in the vials, reactions were considered positive.
PHB analysis. The PHB contents of cells were measured as described earlier (7, 30) . Cell suspensions (0.2 ml) were applied to Whatman glass fiber disks (GF/C, 2.1 cm) which were pretreated with hot concentrated sulfuric acid in a boiling-water bath for 2 h, then sequentially washed several times with distilled water, ethanol, and acetone, and finally air dried overnight. The fiber disks mounted on glass pins were dried at 105°C for 10 min before treatment with 0.15 ml of sodium hypochlorite for 1 h to lyse the attached cells. After the disks were dried, three applications of 0.2-ml warm chloroform (70°C) were applied onto the disks. The disks were then transferred to individual test tubes, sequentially washed twice with distilled water, ethanol, and acetone, and dried again in a 105°C oven. Three milliliters of concentrated sulfuric acid was added to the test tubes, which were then sealed with Teflon-lined caps and heated in a water bath at 100°C for 10 min. The absorbances of the reacted solutions were measured at 234 nm. All samples were measured in duplicate, and cell-free blanks were treated with the same procedure. Pure PHB (Sigma, St. Louis, Mo.) was used for standards and analyzed by the same procedure.
TCE oxidation rates and T c analysis. The tests for TCE oxidation and T c were performed as described previously (7). Six milliliters of purged fresh cell suspension with an A 600 of 0.5 (diluted from an optical density of approximately 0.7) was added to 26-ml vials capped with Mininert valves, and the vials were amended with TCE stock solution to achieve an initial aqueous-phase TCE concentration of 0.8 mg/liter. The TCE-amended vials were vigorously shaken by hand for 10 s before the first TCE headspace measurement and then were incubated on a rotary shaker at 200 rpm. Headspace samples were taken over time to monitor the disappearance of TCE in vials. The specific TCE oxidation rates of the cultures were calculated by a linear regression of at least four data points measured within the first 20 min of the experiments divided by total dry cell mass (VSS). Similar treatments were carried out for formate-amended vials, where 20 mM formate was added to provide an exogenous source of reducing energy. Cell-free controls exhibited TCE losses of less than 5% during the course of the experiments. Similar results were observed for at least three repeated experiments.
Experiments for the measurement of T c with and without formate addition were performed similarly to TCE oxidation tests. The purged cell suspensions, with an optical density of 0.5 at A 600 , were transferred into 26-ml vials amended with initial liquid-phase TCE concentrations of 18 mg/liter. Vials were incubated on a rotary shaker at 200 rpm for 24 h (a period during which TCE degradation was experimentally determined to have ceased). The liquid-phase TCE concentrations were maintained by adding TCE stock solution repeatedly into vials whenever the headspace TCE concentrations fell below 1 mg/liter. The T c (mass of TCE degraded/mass of biomass inactivated) were calculated from the change in total TCE mass in the vials over 24 h divided by the total dry cell mass (VSS). A dimensionless Henry's constant of 0.3 at 20°C (14) was used for calculating aqueous and gaseous changes in the total mass of TCE in the vials. Total cell inactivation after the 24-h incubation with TCE was confirmed for formateamended cells by purging the remaining TCE and measuring methane uptake following subsequent 3-and 7-day methane incubations. Duplicate vials were used for both TCE oxidation tests and T c measurements.
Analytical methods. The gaseous concentrations of CH 4 , O 2 , and CO 2 in the headspaces of the flasks were measured by GC headspace analysis. Headspace gas (0.25 ml) was injected through a 0.5-ml gas-tight pressure-lok DynatechPrecision syringe (Alltech Co.) into a Hewlett-Packard HP 5890 series II GC equipped with a thermal conductivity detector and a CTR1 column (Alltech Co.). The temperatures of oven, injector, and detector were maintained at 25, 25, and 30°C, respectively. The flow rate of helium carrier gas was set at 130 ml/min. Scotty-certified multicomponent gas mixtures (Alltech Co.) were used for calibration.
Headspace concentrations of organics, including TCE, CH 4 , acetylene, and ethylene, were determined by injecting 20-or 50-l headspace gaseous samples into a Hewlett-Packard HP 5890A GC equipped with a fused silica VOCOL glass capillary column (inside diameter, 0.53 mm; length, 60 m; Supelco, Inc., Bellefonte, Pa.) maintained at 80°C with N 2 at 15 ml/min as the carrier gas. The temperatures of the injector and both detectors, the electron capture detector (ECD) and the FID, were maintained at 250°C. The ECD was used for TCE analysis, and the FID was used for the CH 4 , acetylene, and ethylene measurements. The calibration curves of TCE were obtained by headspace gaseoussample analysis in vials containing known amounts of TCE. The vials were prepared by adding known amounts of TCE-saturated aqueous solution or of TCE-methanol mixture to 26-ml vials containing known amounts of distilled water. The TCE-amended vials were then vigorously shaken by hand for 30 s before shaking at 200 rpm at ambient temperature. TCE headspace analysis was performed after 1 h of shaking. Methane calibration curves were obtained by analyzing known amounts of pure methane gas.
RESULTS
Nitrogen source effects on cellular growth. The effects of N sources on the cellular growth of methane-oxidizing cultures were measured in terms of growth curves (Fig. 1) , net cellular growth rates, cell yields, nitrogenase enzyme activity, and cellular PHB contents (Table 1) . Only cells grown in NFMS medium at low O 2 pressures (about 5%) were able to fix molecular nitrogen with detectable nitrogenase enzyme activity. As shown in Fig. 1 , both OB3b and CAC-2 were able to grow under ammonia-supplied, nitrate-supplied, or nitrogen-fixing conditions. OB3b and CAC-2 cultures exhibited similar growth patterns; i.e., cells grew at a lower rate when fixing molecular nitrogen and at higher but comparable rates when supplied with nitrate or ammonia as the N source. This trend was consistent with our previous observations with mixed cultures (7).
The net cellular growth rates (biomass produced per biomass per time) and cell yields (biomass produced per mass of methane consumed) of each culture were calculated during the exponential-growth phase and are listed in Table 1 . The net cellular growth rate of nitrogen-fixing OB3b was 17 and 20% lower than those of nitrate-and ammonia-supplied OB3b, respectively. However, a much smaller effect was observed in the net cellular growth rates of CAC-2 (4 to 5%). Not surprisingly, nitrogen-fixing OB3b showed 12 and 25% lower cell yields than nitrate-and ammonia-supplied OB3b, respectively, while CAC-2 exhibited the same pattern, with a more exaggerated decrease in yield (55% to 57%) for the nitrogen fixers.
A wide range of cellular PHB contents were measured in mixed and pure cultures growing with three different N sources. As cellular PHB content has been reported to increase under nitrogen-fixing conditions, the observation of much higher levels of PHB in the nitrogen-fixing mixed and pure cultures was not unexpected. The cellular PHB content (68.4 Ϯ 3.9 g of PHB/mg of VSS) exhibited by nitrogen-fixing OB3b was 3.9-and 12-fold higher than that exhibited by nitrate-and ammonia-supplied OB3b, respectively, while nitrogen-fixing CAC-2 exhibited 3-and 6.3-fold-higher levels of PHB than the nitrateand ammonia-supplied CAC-2 cells. The mixed culture exhibited a much smaller effect, with only 1.3-to 1.4-fold-higher levels of PHB for the nitrogen-fixing cells. The ammonia-supplied pure strains produced significantly lower PHB contents than either the nitrogen-fixing or nitrate-supplied cells, but this was not the case for the mixed culture. Nitrogen source effects on methane uptake rates and naphthalene oxidation rates. The effects of nitrogen source on the activity of sMMO enzymes were evaluated by measuring methane uptake rates and naphthalene oxidation rates. Since methane disappearance, rather than methanol production, was measured during the course of the experiments, the measured rates are referred to as methane uptake rates rather than methane oxidation rates. The specific methane uptake rates (micromoles of CH 4 per milligram of VSS per minute) and specific naphthalene oxidation activities (micromoles of naphthol per milligram of VSS per minute) of OB3b and CAC-2 under three different N-source conditions were measured (Fig. 2) . As shown in Fig. 2 and Table 2 , the specific methane uptake rates of both cultures (OB3b and CAC-2) were highly correlated with their specific naphthalene oxidation activities. The trends with respect to these two rates for OB3b and CAC-2 with different N sources were similar in that the nitrogen fixers had the highest rates, followed by the nitrate-and ammonia-supplied cells. Furthermore, OB3b exhibited higher rates than CAC-2 for nitrogen-fixing and ammonia-supplied conditions, while rates for nitrate-supplied cells were similar for the two strains. Nitrogen source effects on TCE degradation ability. The TCE degradation ability of each culture with each of three different N sources was evaluated by measuring initial TCE oxidation rates (TCE mass degraded per initial biomass per time) (Fig. 3) and T c (TCE mass transformed per biomass inactivated) (Fig. 4) with and without the addition of formate. The nitrogen-fixing pure and mixed cultures showed the highest initial TCE oxidation rates with and without the addition of formate. However, the ammonia-supplied cells of the pure cultures generally exhibited higher initial TCE oxidation rates than the nitrate-supplied cells both in the absence and in the presence of formate. The most significant exception to this trend was the mixed culture, which, in the absence of formate, exhibited a higher TCE oxidation rate when supplied with nitrate than when supplied with ammonia.
Formate was used in experiments as a means of removing possible NADH limitations during the measurement of initial TCE oxidation rates (Fig. 3b) . The addition of formate caused a 5 to 10% increase in the initial TCE oxidation rates for the nitrogen-fixing pure cultures, a 20 to 30% increase for the nitrate-supplied pure cultures, and only a 3% increase for ammonia-supplied OB3b, but a Ͼ45% increase for ammoniasupplied CAC-2. However, for the mixed culture, formate addition caused more than a 60% increase in the initial TCE oxidation rates of ammonia-supplied cells but only a moderate increase (20%) in the rates in nitrogen-fixing and nitrate-supplied cells.
T c with and without formate addition were also examined as a measure of TCE-degrading ability of the cultures with three different N sources (Fig. 4) . T c measured in the absence of formate evaluates TCE degradation under the potential influence of both NADH limitation and TCE product toxicity, while T c measured in the presence of formate reflects TCE degradation under the influence of TCE product toxicity alone (without NADH limitation). Both in the absence and in the presence of formate, nitrogen-fixing OB3b exhibited the highest T c values, followed by nitrate-and ammonia-supplied cells. A similar trend was observed for CAC-2. The T c value trends of both the pure and mixed cultures in the absence of formate were moderately to highly correlated with the cellular PHB content of each culture (0.86 and 0.99 for OB3b and CAC-2, respectively).
When reducing-energy limitations were removed by the addition of formate, nitrogen-fixing methane oxidizers still exhibited the highest T c (Fig. 4b) . The addition of formate increased T c values in both pure and mixed cultures with each of the   FIG. 2 . Specific methane uptake rates and specific naphthalene oxidation rates (in terms of naphthol production rates) of fresh cells of M. trichosporium OB3b and strain CAC-2. Error bars are included in each data set (some fall within the width of the line). Symbols:^, specific methane uptake rates; , specific naphthalene oxidation rates. N sources are shown below the bars. three N sources. The T c values in the presence of formate were about 200% higher than those in the absence of formate under nitrogen-fixing conditions and about 150 to 300% higher than those in the absence of formate under nitrate-and ammoniasupplied conditions. In this study, formate addition exerted relatively small effects on TCE oxidation rates compared to its effects on T c . The major reason for this is that the degradation rate experiments were purposely conducted with low TCE concentrations in order to minimize the effects of toxicity and reductant limitation on the initial TCE degradation rates. However, in the T c experiments, cells were exposed to much higher concentrations of TCE, resulting in much greater NADH requirements and significant reductant limitations.
DISCUSSION
Although the nitrogen-fixing capabilities of methane-oxidizing bacteria have been well documented (11, 12, 20, 33) , the concept of capitalizing upon this characteristic for the enhancement of bioremediation is novel. This study evaluated the growth and TCE degradation capabilities of methane-oxidizing bacteria grown with various nitrogen sources. As expected, the type II methane-oxidizing cultures, OB3b and CAC-2, were able to fix molecular nitrogen at reduced oxygen partial pressures with slightly lower net growth rates and cell yields than those of nitrate-or ammonia-supplied cultures. Furthermore, the effects of nitrogen source on growth patterns, net cellular growth rates, cell yields, PHB contents, and nitrogenase enzyme activities were consistent with our previous reports for mixed cultures (7) . TCE-degrading abilities measured by initial TCE oxidation rates and T c were repeatedly observed to be enhanced for nitrogen-fixing cultures compared with those of nitrate-or ammonia-supplied cultures. Reduced oxygen partial pressures have previously been shown to have no significant effect on TCE oxidation rates for nitrogen-fixing, nitrate-supplied, and ammonia-supplied methane oxidizers (7) .
In this study, methane, naphthalene, and TCE oxidation reactions were used to gauge the activity of sMMO enzymes. Although each of these reactions requires NADH as reducing energy, only methane oxidation results in products that promote the regeneration of NADH. Therefore, in experiments conducted with no external source of reducing energy, measured naphthalene or TCE oxidation rates may be limited by low levels of reducing energy. However, when reducing-energy limitations are removed by the addition of formate (as an external source of reducing energy), both naphthalene oxidation rates and initial TCE oxidation rates (measured prior to significant product toxicity) should reflect the maximum activity of sMMO in methane-oxidizing cells. Accordingly, the high correlation between methane uptake rates and naphthalene oxidation rates (in the presence of formate) in OB3b and CAC-2 with three different N sources (Fig. 2 and Table 2 ) was not surprising. It was also not surprising to find that a relatively high correlation existed between methane uptake rates and initial TCE oxidation rates in the presence of formate. Although a high correlation was observed between naphthalene and TCE oxidation rates in the presence of formate for OB3b (r ϭ 0.94), the observed correlation was much lower for the CAC-2 culture (r ϭ 0.74). Further, although TCE oxidation rates in the presence and in the absence of formate were highly correlated with each other (Ͼ0.99), TCE oxidation rates in the absence of formate were poorly correlated with naphthalene oxidation rates in the presence of formate (Ͻ0.9). These data suggested that methane uptake rates may serve as slightly better indicators for TCE oxidation rates than naphthalene oxidation rates when it is not possible to measure TCE oxidation rates directly.
T c under potential reducing-energy limitation were found to be correlated with PHB content in methane oxidizers with all N sources, in agreement with observations for the mixed cultures (7) . A high correlation (r ϭ 0.99) was observed for CAC-2 and the mixed cultures, while a lower correlation (r ϭ 0.86) was observed for OB3b (Table 1 and Fig. 4a ), suggesting that internal NADH limitation might be more significant in CAC-2 and the mixed cultures than in OB3b. Although the linkage between PHB and T c may explain the T c enhancement observed for nitrogen fixers measured in the absence of formate, it does little to explain why nitrogen-fixing cells also exhibited higher T c values than ammonia-or nitrate-supplied cells when energy limitation was eliminated by the addition of formate.
Three hypotheses had been proposed in our previous study to explain why nitrogen-fixing mixed cultures of methane oxidizers experienced lower product toxicity following TCE oxidation than nitrate-or ammonia-supplied cells (7) . The first hypothesis was that nitrogen fixation selected for methaneoxidizing bacteria that were less susceptible to TCE product toxicity within the mixed cultures. The second hypothesis was that nitrogen-fixing cells produced more MMO per cell to fulfill the high energy demand required for nitrogen fixation. The final hypothesis was that the enzymatic protection mechanisms associated with the oxygen-sensitive nitrogenase enzymes, or the nitrogenase enzymes themselves, may help to protect microorganisms from TCE product toxicity. In this study, conducted primarily with pure cultures, the first hypothesis is not feasible, since there is no selective enrichment with pure cultures. In contrast with results from the mixed-culture study, the second hypothesis is supported in this study by observations of higher specific methane, naphthalene, and TCE oxidation rates in nitrogen-fixing cultures than in nitrate-or ammonia-supplied cells, suggesting that nitrogen-fixing conditions may result in the generation of greater amounts of sMMO enzyme per cell. There are a number of reasons why the second hypothesis may not have been supported in the mixed-culture study, including the possibility of selective pressure causing enrichment of different cells with the different nitrogen sources (the first hypothesis). The final hypothesis was also supported in this study by repeated observations of high T c values both in the presence and in the absence of formate in nitrogen-fixing OB3b and CAC-2. However, the determination of whether protective mechanisms for the nitrogenase enzyme are responsible for the decreased TCE product toxicity of nitrogen fixers is an interesting question that requires experiments beyond the scope of this work.
Although T c and initial TCE oxidation rates are commonly used for estimating the TCE-degrading ability of microorganisms, direct correlations between T c values and initial TCE oxidation rates (or methane uptake rates, or naphthalene oxidation rates) have not been commonly observed (1, 6, 7, 22, 23) . This is not surprising in that T c is not a kinetic measurement like the TCE oxidation rate, but rather a measure of the amount of TCE that can be transformed by a given culture prior to inactivation. Although it may seem reasonable that these two parameters would be related, it is not expected, since the former is a measure of the cumulative effects of product toxicity while the latter is a measure of the maximum enzyme efficiency. In this study, higher correlations were found between T c values and methane uptake rates (r ϭ 0.99 for OB3b and r ϭ 0.91 for CAC-2) and between T c values and naphthalene oxidation rates (r ϭ 0.98 for OB3b and r ϭ 0.99 for CAC-2) than between T c values and TCE oxidation rates (r ϭ 0.85 for OB3b and r ϭ 0.65 for CAC-2) for both cultures when reducing energy limitation was removed by the addition of formate (Table 2 ). These correlations provide additional support for the second hypothesis stated above, suggesting that the enhanced activity of sMMO in nitrogen-fixing cells might be responsible for their enhanced TCE-degrading abilities.
This study demonstrated the enhanced contaminant-degrading abilities of pure and mixed methane-oxidizing cultures under nitrogen-fixing conditions, suggesting the feasibility of enriching nitrogen-fixing methane oxidizers for the enhancement of bioremediation in fixed-nitrogen-limited environments.
